Abstract. Diallyl trisulfide (DATS) is a natural organosulfur compound isolated from garlic, and has been reported to possess anticancer activities. However, the cancer growth inhibitory effects and molecular mechanisms in human osteosarcoma cells have not been well studied. The present study demonstrated that DATS significantly reduced cell viability in a dose-and time-dependent manner in MG63 and MNNG/HOS cells. DATS-induced G0/G1 phase arrest was found to correlate with a decrease in cyclin D1 in concomitance with an increase in p21 and p27. DATS induced a marked increase in reactive oxygen species (ROS) levels and collapse of mitochondrial membrane potential (Δψ m ) in the osteosarcoma cells. DATS induced apoptosis in the MG63 and MNNG/HOS cells via inhibition of the PI3K/Akt signaling pathway and through the mitochondrial apoptotic pathway. The efficiency of DATS basically approached the efficacy of LY294002, a specific PI3K inhibitor. However, N-acetylcysteine (NAC), a general ROS scavenger, completely blocked the DATS-induced ROS increase, inhibition of the PI3K/Akt pathway and cell apoptosis. Overall, DATS has the potential to be developed as a new anticancer drug. The mechanisms of action involve the ROS-mediated downregulation of the PI3K/Akt pathway.
Introduction
Osteosarcoma (OS) is the most common form of non-hematopoietic primary bone tumor occurring mostly in young adults and adolescents. Currently, the favored treatment for OS involves neoadjuvant chemotherapy, followed by surgery and chemotherapy again, which has led to a significant improvement in the 5-year survival rate (60-70%) in patients without metastases (1) . However, 35-55% of OS patients with initial localized disease subsequently experience recurrence. Moreover, the induction of drug resistance and the unwanted side-effects involved in chemotherapy result in inadequate treatment of the disease (2) . Thus, there is an urgent need to discover new natural or synthetic compounds with the potential to prevent OS progression and improve patient survival rates.
Diallyl trisulfide (DATS) is a natural garlic extract with pungent odor and evaporability. DAT is one of the main active compounds which is a sulfide with an allyl group. Scientific investigations have shown that DATS can reduce the risk of cardiovascular disease and diabetes, stimulate the immune system and protect against infections. Meanwhile, considerable research and epidemiologic studies have revealed that DATS has broad-spectrum anti-neoplastic activity. Epidemiologic studies continue to support the premise that dietary intake of Allium vegetables, such as garlic, may be protective against the risk of certain types of cancers (3, 4) . It can induce apoptosis of multiple cancer cells, such as those of human gastric, colon, breast and prostate cancer (5) (6) (7) . It has been reported that DATS enhanced the expression of the p38 mitogen-activated protein kinase/caspase-3 signaling pathway and induced apoptosis in gastric carcinoma cell lines (5) . DATS also inhibited the growth of transplanted tumor xenografts by inducing apoptosis and/or by blocking abnormal cell cycle phase (8) (9) (10) , and inhibited cell migration and invasion via the downregulation of matrix metalloproteinases (MMPs) (6, 11, 12) . In addition, several studies found that reactive oxygen species (ROS) play an important role in DATS-induced death of cancer cells (13) (14) (15) . However, recently, various studies have shown that DATS-induced apoptosis involves the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathways (16, 17) . As is known, the PI3K/Akt signaling pathway is one of the most important oncogenic pathways in cancers, and is deregulated in the vast majority of localized disease and 100% of advancedstage disease in OS (18) . This implies that alterations in this pathway may be a prerequisite for OS progression. Thus, numerous small-molecule compounds, particularly various natural compounds or derivatives, targeting the PI3K/Akt Diallyl trisulfide induces osteosarcoma cell apoptosis through reactive oxygen species-mediated downregulation of the PI3K/Akt pathway signaling pathway, have been developed and show promise for improving the survival of OS patients. Our previous studies demonstrated that DATS suppressed OS cell proliferation and reversed the drug resistance and lowered the ratio of CD133 + cells in conjunction with methotrexate (19, 20) . However, it is unclear whether the apoptosis induced by DATS in OS cells is related to the PI3K/Akt signaling pathway. There is little research concerning the effect of DATS on human OS cells as well as the molecular mechanism. In the present study, the effect of DATS and the possible molecular mechanism were further studied in human OS cells. Our data demonstrated that DATS induced apoptosis through the ROS-mediated downregulation of the PI3K/Akt pathway, thereby demonstrating DATS as a promising therapeutic agent for the treatment of OS. Cell viability assay and morphological observation. Cell viability was determined using the CCK-8 assay. The MG-63 and MNNG/HOS cells were seeded in 96-well plates at 1x10 4 cells/well in 100 µl culture medium. After overnight incubation, the cells were treated with different concentrations (5, 10, 20, 40, 80 , 100 and 120 µM) of DATS for 24, 48 and 72 h. CCK-8 (10 µl) was added into the culture well and the cells were incubated for 2 h at 37˚C with 5% CO 2 in a humidified incubator. The viability of the cells was measured by absorption at 490 nm using an ELISA reader (BioTek, Winooski, VT, USA). Inhibitory ratio (%) = (OD control -OD treated)/OD control x 100%. For assessment of cell morphology after exposure to DATS, a total of 4x10 5 cells/well of MG63 and MNNG/ HOS cells was cultured into 6-well plates at 37˚C overnight, and then each well was treated with 0, 20, 40 and 80 µM DATS for 48 h. The cells in each well were examined under a phasecontrast microscope and then were photographed (Olympus, Melville, NY, USA).
Materials and methods

Drugs
Flow cytometric analysis of apoptosis and cell cycle distribution. The apoptosis of the MG63 and MNNG/HOS cells was examined by flow cytometry using Annexin V-FITC/PI staining. Briefly, the cells were cultured in 6-well plates (2x10 5 cells/well) overnight and then were treated with the indicated concentrations (0, 20, 40 and 80 µM) of DATS for 24 or 48 h. Both attached and floating cells were accumulated and washed twice with ice-cold phosphate-buffered saline (PBS; resuspended in 500 µl binding buffer). The samples were treated with 5 µl Annexin V-FITC and 5 µl PI, and incubated at room temperature for 15 min in the dark. Then the cells were determined by flow cytometry (BD Calibur). For cell cycle analysis, after treatment with different concentrations (0, 20 and 40 µM) of DATS for 48 h and fixation with 70% ice-cold ethanol overnight at 4˚C, the cells were centrifuged and treatment with RNase A (20 µl in 500 µl PBS) for 30 min at 37˚C. Subsequently, the cells were exposed to 400 µl PI and incubated at room temperature for 30 min in the dark and measured by flow cytometry (BD Calibur). In some groups for analysis of apoptosis and cell cycle distribution, the cells were pretreated with 5 mM NAC for 2 h and then co-treated with the indicated concentration of DATS for a specific time. All the data concerning apoptosis and cell cycle distribution were calculated and analyzed using FlowJo software.
Measurement of ROS.
The levels of intracellular ROS in the human OS MG-63 and MNNG/HOS cells was examined using the fluorescent probe DCFH-DA. Briefly, the MG-63 and MNNG/HOS cells were seeded in 6-well plates (2x10 4 cells/well) overnight and treated with DATS (0, 20, 40 and 80 µM) and incubated for 4, 8, 16 and 24 h, respectively. Cells were washed twice with PBS and loaded with 10 µM DCFH-DA for 30 min in the dark. In some groups, the cells were pretreated with 5 mM NAC for 2 h and then co-treated with DATS. The total level of ROS was measured by the changes in the mean fluorescence intensity (MFI) under a fluorescence microscope (Olympus) and by flow cytometric analyses (BD Calibur), respectively, (excitation wavelength, 488 nm; emission wavelength, 530 nm).
Determination of mitochondrial membrane potential (Δψ m ).
The MG-63 and MNNG/HOS cells were seeded into 6-well plates (2x10 5 cells/well) and incubated overnight, and then the cells were treated with 40 µM DATS for 24 h. The other cell groups were pretreated with 5 mM NAC for 2 h and then co-treated with 40 µM DATS for 24 h. After treatment, the cells were harvested and incubated with 1 µl JC-1 which was diluted in 500 µl 1X incubation buffer. Then, the stained cells were washed twice with 1X incubation buffer and resuspended in 500 µl 1X incubation buffer. The fluorescent intensity was measured using flow cytometric analyses (BD Calibur). The JC-1 dye has an excitation of 488 nm and an emission of 530/590 nm. In non-apoptotic cells, JC-1 enters the negatively charged mitochondria where it aggregates and turns red. However, in cells undergoing apoptosis, where Δψ m has collapsed, JC-1 exists as monomers in the cytosol and turns green (21) . The level of Δψ m can be measured by the ratio of red/green fluorescence intensity of JC-1. The untreated cells were the 100% MMP control.
Western blot analysis. For the preparation of cytosolic extracts, the MG-63 and MNNG/HOS cells were lysed in radioimmunoprecipitation (RIPA) buffer with 1 mM phenylmethylsulphonyl fluoride (PMSF) for 30 min on ice. The mixture was centrifuged at 14,000 x g for 5 min and the precipitate was discarded. Protein concentration was measured with the BCA protein assay kit (Beyotime, Haimen, China). Samples containing equal amount of protein were separated by SDS-PAGE, and then transferred to polyvinylidene fluoride (PVDF) membranes (Merck Millipore) using a standard procedure. The PVDF membrane was blocked in 5% (w/v) skim milk powder in Tris-buffered saline containing 0.1% Tween-20 for 2 h at room temperature. The primary antibodies against GAPDH (ab9485), PI3Kp110β (ab32569), PI3Kp85α (ab22653) (all from Abcam), Akt (#9272), p-Akt (Ser473) (#9271), Bcl-2 (#2870) (all from Cell Signaling Technology), Bcl-xL (ab2568), Bad (ab62465), Bax (ab32503), cytochrome c (ab53056), caspase-9 (ab2014), caspase-3 (ab44976), cleaved PARP (ab32064) (all from Abcam), cyclin D1 (#2978; Cell Signaling Technology), p21 (ab7960), p27 (ab7961) (both from Abcam) were diluted according to the instructions of the antibodies and incubated overnight at 4˚C. Then, the HRP-conjugated secondary antibodies were added at a dilution ratio of 1:5,000 and incubated at room temperature for 2 h. The blots were visualized using an enhanced chemiluminescence (ECL) detection kit (WBKL S0100; Merck Millipore) according to the manufacturer's instructions. The relative protein expression levels were then determined using ChemiDoc Touch Imaging System (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and quantified by Image Lab and ImageJ software. In order to quantify changes in protein expression, the target protein was normalized against GAPDH.
Statistical analysis.
All the experiments were performed three times independently. All the results are expressed as the mean ± SD. The Student's t-test by GraphPad InStat software (GraphPad Software, Inc., San Diego, CA, USA) was used to compare the difference among different groups. A p<0.05 was considered to indicate a statistically significant result.
Results
DATS induces inhibition of cell viability and cell morphological changes.
Our data showed that DATS clearly inhibited MG63 and MNNG/HOS cell viability at the concentrations of 10-120 µM following exposure for 24 h ( Fig. 1A and B; p<0.01), and 5-120 µM for 48 and 72 h ( Fig. 1A and B Fig. 1A and B; p<0.05). DATS had less of an influence on MNNG/HOS cells than MG63 cells (p<0.05). Regarding the morphological changes of MG63 and MNNG/ HOS cells after incubation with DATS, as shown in Fig. 1C  (magnification, x100) , the control group cells showed a typical polygonal and intact appearance, whereas the DATS-treated cells displayed dose-dependent changes in cell shape, such as membrane blebbing, cell rounding and shrinkage, poor adherence and floating shapes.
DATS induces cell apoptosis.
The results from the flow cytometry showed that the percentage of apoptotic cells was significantly increased in the DATS treatment groups compared with that noted in the untreated MG63 and MNNG/HOS cells ( Fig. 2A) 2B; p<0 .05). The apoptotic ratios of both cell lines treated with DATS increased in a dose-and time-dependent manner. However, after the MG63 and MNNG/HOS cells were co-incubated with DATS 40 µM and NAC 5 mM for 24 or 48 h, the apoptotic ratios of both cell lines were significantly decreased when compared with the corresponding DATS-treated groups ( Fig. 2B; p<0 .01). Co-treatment with NAC, a general ROS scavenger, completely blocked the DATS-induced apoptosis. This suggested that DATS-induced apoptosis of the MG63 and MNNG/HOS cells may be involved with the generation of ROS.
DATS induces G0/G1 phase cell cycle arrest.
Results from the flow cytometry showed that the percentage of cells in the DATS-treated groups was significantly increased at the G0/G1 phase in a dose-dependent manner compared with the control groups ( Fig. 3A and B (Fig. 3A) . These results suggested that DATSinduced G0/G1 cell cycle arrest may be one of the reasons for the inhibition of viability and the induction of apoptosis in the MG63 and MNNG/HOS cells. Furthermore, following co-treatment with DATS (40 µM) and NAC, the DATS-induced G0/G1 phase arrest was completely reversed compared with the DATS-treated (40 µM) groups ( Fig. 3A and B; p<0.05 ). This suggested that DATS exerted its anticancer cytotoxicity through an ROS-dependent G0/G1 phase cell cycle arrest in the MG63 and MNNG/HOS cells.
To elucidate the molecular mechanism of DATS-induced G0/G1 phase arrest, we examined the expression of related proteins by western blotting. As shown in Fig. 3C and D, when MG63 and MNNG/HOS cells were treated with DATS at 20, 40 and 80 µM for 48 h, a concentration-dependent decrease in levels of cyclin D1 was noted, whereas the protein levels of p21 and p27 were upregulated in a dose-dependent manner, compared with the control groups (p<0.05). These results suggested that DATS-induced G0/G1 phase arrest of the MG63 and MNNG/HOS cells involved the generation of ROS and the downregulation of cyclin D1 and upregulation of p21 and p27.
DATS increases the generation of ROS.
To explore the induction of intracellular ROS generation by DATS, we quantified the MFI of cells stained with DCFH-DA by FlowJo and ImageJ software in the MG63 and MNNG/HOS cells. Our results from fluorescence microscopy revealed that the levels of ROS in the DATS treatment cells for 4 and 8 h were not significantly altered, whereas the green fluorescence was markedly elevated following 16 h of treatment with DATS compared with those of the control groups ( Fig. 4A; magnification, x100 ). Sixteen hours of treatment of DATS at 20, 40 and 80 µM enhanced the ROS level by 2.7-, 4.4-and 5.4-fold of the control groups, respectively, in the MG63 cells, and 5.0-, 8.1-and 11.4-fold of the control groups, respectively, in the MNNG/HOS cells ( Fig. 4C ; p<0.01). When the cells were co-treated with DATS at 40 or 80 µM and NAC 5 mM for 16 h, the intracellular ROS generation was reversed compared with that noted in the DATS-treated groups ( Fig. 4A and C; p<0.01) . The intracellular ROS generation increased in a dose-dependent manner in the DATS-treated cells. Furthermore, we examined the intracellular ROS level by flow cytometric analyses in the DATS-treated cells at 40 µM for 16 h, 20 µM for 24 h and 40 µM for 24 h, respectively. As shown in Fig. 4B and D, the intracellular ROS generation in the DATS-treated cells increased in a dose-and time-dependent manner compared to the control groups (p<0.05). However, co-treatment with DATS (40 µM) and NAC (5 mM) completely blocked the increase in intracellular ROS compared with the DATS (40 µM)-treated groups in the MG63 and MNNG/HOS cells ( Fig. 4B and D; p<0.01).
DATS induces disruption of Δψ m .
As can be seen in Fig. 5A and B, after the MG63 and MNNG/HOS cells were treated with DATS at 40 µM for 24 h, the ratio of red/green fluorescence intensity (Δψ m level) decreased 31.3 and 39.1%, respectively, compared with control groups (p<0.01). To investigate whether the increase in ROS induced by DATS mediated mitochondrial damage, the cells were co-treated with DATS and NAC. The results showed that NAC significantly restored the Δψ m level compared with DATS-treated cells ( Fig. 5; p<0 .05). This suggested that the disruption of Δψ m induced by DATS was ROS-dependent. shown in Fig. 6A , D and E, the levels of Bcl-2 and Bcl-xL proteins were decreased, whereas the expression levels of Bad and Bax were increased in response to DATS treatment in a concentration-dependent manner when compared with these levels in the control groups (p<0.05). These results are consistent with previously reported studies (16, 22) . Our present study showed that DATS-induced apoptosis involved an increase in intracellular ROS and mitochondrial damage, which led to loss of Δψ m level. This suggests that the mitochondrial apoptotic pathway may play a pivotal role in DATS-induced apoptosis. To reveal the mechanisms underlying the apoptotic effect of DATS on MG63 and MNNG/HOS cells, we further investigated the expression levels of cytochrome c, caspase-9 and -3 in the DATS-treated cells. As shown in Fig. 6A , F and G, after treatment with DATS at 20, 40 and 80 µM for 48 h, the levels of cytochrome c, caspase-9 and -3 were upregulated in a dose-dependent manner, respectively, compared with these levels in the control groups (p<0.05). In addition, DATS treatment led to progressive proteolytic cleavage of poly(ADP-ribose) polymerase (PARP), a well-known substrate protein of activated caspase-3. Taken together, caspase-9 upregulation by DATS demonstrated an association of DATS-induced apoptosis with the intrinsic or mitochondrial-dependent pathway.
DATS induces apoptosis through ROS -mediated
To further test the contribution of the PI3K/Akt pathway in DATS-induced apoptosis, LY294002, a specific PI3K inhibitor, was used. The MG63 and MNNG/HOS cells were treated with DATS (40 µM) or LY294002 (20 µM) or co-treated with DATS (40 mM) and LY294002 (20 µM) for 48 h. As shown in Fig. 7 , the levels of PI3Kp110β, PI3Kp85α, Akt and p-Akt were significantly decreased with respect to those in the presence of either DATS or LY294002, and the combined treatment groups showed a more powerful synergistic effect to trigger apoptosis compared with either treatment alone in the MG63 and MNNG/HOS cells (p<0.05). Meanwhile, the downstream proteins, Bad and Bax were upregulated whereas Bcl-2 and Bcl-xL were downregulated in the treated alone groups or the combined treatment groups compared with the control groups (p<0.01). In addition, as expected, the expression changes in proteins of the Bcl-2 family in the combined treatment groups were enhanced compared with the single factor treatment groups. We found that DATS served as an inhibitor of the PI3K/Akt pathway in DATS-induced apoptosis.
To investigate the relationship between the increase of ROS and inhibition of the PI3K/Akt pathway in DATS-induced apoptosis, the MG63 and MNNG/HOS cells were treated with DATS (40 µM) for 48 h, in the absence or presence of NAC (5 mM). Previous studies have shown that NAC, a common ROS scavenger, has no effect on cell viability and apoptosis induction at the concentration of 10 mM (14) . The western blot data (Fig. 7A-C) , showed that the presence of NAC almost completely blocked DATS-induced downregulation of the PI3K/Akt pathway (p<0.05). In addition, the changes in the protein expression of the Bcl-2 family (upregulation of Bad and Bax, downregulation of Bcl-2 and Bcl-xL) were completely abrogated by NAC compared with the DATS (40 µM)-treated groups (Fig. 7A, D and E; p<0.05).
Discussion
In previous studies, the anticancer effect of diallyl trisulfide (DATS) was mainly restricted to malignant tumor cells of the digestive, reproductive or hematological system, while research on the effect and mechanism of DATS against osteosarcoma (OS) is rare. In the present study, to the best of our knowledge, this is the first study to report that DATS induced MG63 and MNNG/HOS cell proliferation inhibition, increased apoptosis, G0/G1 phase arrest and mitochondrial damage. The possible molecular mechanism by which DATS induced apoptosis involved inhibition of the PI3K/Akt signaling pathway, which was dependent on the generation of ROS.
In the present study, our experiments revealed that DATS inhibited the viability and proliferation of MG63 and MNNG/HOS cells in a dose-and time-dependent manner, which was in agreement with previous research (5, 16, 23) . Furthermore, our results showed that DATS is capable of triggering apoptosis in MG63 and MNNG/HOS cells in a dose-and time-dependent manner, which was consistent with previous research (9, 16, 23) . Apoptosis is a highly regulated physiologic process, which is carried out mainly through two key pathways: the death receptor-mediated pathway (extrinsic pathway) and the mitochondrial-initiated apoptotic pathway (intrinsic pathway). The mitochondria play a central role in apoptosis regulation by releasing cytochrome c into the cytoplasm, leading to the activation of the caspase-cascade system (24) . We also investigated the effect of DATS on the cell cycle by flow cytometry, and the results showed that DATS induced G0/G1 phase cell cycle arrest in a dose-dependent manner in the MG63 and MNNG/HOS cells, which is consistent with previous research (25) . Notably, various previous studies have reported that DATS induced G2/M phase cell cycle arrest (lung, skin and pancreas cancer cells) (26) (27) (28) , and these contradictory results appear to indicate that DATS exerts a differential effect in a cell type-specific manner. Furthermore, we examined the cell cycle-related protein expression to elucidate the underlying mechanism of DATSinduced G0/G1 phase arrest. Cyclin D1, which belongs to the cyclin D family, is required for cell cycle G1/S transition. Overexpression of cyclin D1 is known to correlate with the risk of tumor progression (29) . The p21 and p27 genes have recently been discovered to be important cyclin-dependent kinase inhibitors (CDKIs) and regulate the cell cycle as well as DNA replication and repair (30) . Our results found that the expression of cyclin D1 was decreased whereas levels of p21 and p27 were upregulated. This is the first study to report the possible mechanism of DATS-induced G0/G1 phase arrest to date. However, surprisingly, co-treatment with antioxidant NAC completely blocked the DATS-induced apoptosis and G0/G1 phase arrest, which suggests that DATS exerted its anticancer cytotoxicity through an ROS-dependent manner in the MG63 and MNNG/HOS cells. ROS, various small, short-lived and highly reactive molecules, are well known mediators of intracellular cascade signaling. It has been reported that ROS generation plays a crucial role in the pro-apoptotic activities of various anticancer agents (31-33). The oxidative stress damage leads to mitochondrial dysfunction, disruption of Δψ m , ultimately resulting in cell apoptosis. The present study showed that the level of ROS increased whereas the Δψ m collapsed significantly in the DATS-treated cells. However, co-treatment of NAC significantly restored the level of ROS and Δψ m compared with the DATS-treated cells, suggesting that the disruption of Δψ m induced by DATS was ROS-dependent. Several studies have reported the critical roles of ROS in DATS-induced cell apoptosis, such as ROS-mediated activation of JNK and AP-1 in breast cancer cells (34) , the ROS-dependent caspase pathway in leukemia cells (14) , and ROS-dependent activation of the ASK1-JNK-Bim signaling transduction pathway in human breast carcinoma cells (35) . These controversial mechanisms again raise the possibility that DATS may affect different signaling pathways according to cell type or culture condition. In the present study, we demonstrated that DATSstimulated ROS generation may play a significant upstream role by targeting various cancer-associated proteins and may contribute to DATS-induced apoptosis in OS cells. We found the downregulation of PI3K, Akt, p-Akt in a dose-dependent manner in the DATS-treated MG63 and MNNG/HOS cells, a finding corroborated by several previous studies (16, 17) . The PI3K/Akt signaling pathway, which plays a critical role in controlling the balance between cell survival and apoptosis, is abnormally activated in a wide variety of cancers and results in enhanced resistance to apoptosis through multiple mechanisms, and therefore, they are prime targets for cancer therapy (36) . Cells overexpressing constitutively active Akt show a much higher resistance to drug-induced cell death (37) . In addition, activated Akt protects cells against apoptosis by increasing the phosphorylation of Bad, a pro-apoptotic Bcl-2 family member which promotes cell death by competing with Bcl-2/Bcl-xL in binding to Bax (38) . A decrease in Δψ m level and an unbalance between pro-apoptotic (Bad and Bax) and anti-apoptotic (Bcl-2 and Bcl-xL) members of the Bcl-2 family cause mitochondrial permeability transition and contribute to the release of cytochrome c, which in turn activates caspase-9 and downstream caspase-3. Active capase-3 promotes a cascade reaction including degradation of PARP finally leading to apoptosis. In the present study, DATS induced the downregulation of Bcl-2 and Bcl-xL, as well as the upregulation of Bad, Bax, cytochrome c, caspase-9, and -3 and cleaved PARP, which provided evidence for a direct contribution of mitochondria in DATS-induced apoptosis. Furthermore, to investigate the effect of ROS induced by DATS on the PI3K/Akt pathway and contribution of the PI3K/ Akt pathway in DATS-induced apoptosis, a specific pharmacological inhibitor of PI3K/Akt, LY294002, and an ROS scavenger, NAC, were used in the MG63 and MNNG/HOS cells. The results revealed that DATS effectively inhibited the PI3K/Akt pathway, and the efficiency of DATS basically approached the efficacy of LY294002. However, complete blockage of DATS-induced apoptosis and inhibition of the PI3K/Akt pathway by NAC treatment highlighted a possible mechanism -an increase in ROS induced by DATS was a key step required for inhibition of the PI3K/Akt pathway in the MG63 and MNNG/HOS cells.
In conclusion, the present study demonstrated that DATS exerted cytotoxic and antiproliferative effects on human OS MG63 and MNNG/HOS cells. DATS induced an increase in intracellular ROS and collapse of Δψ m , thus further inducing MG63 and MNNG/HOS cell apoptosis and G0/G1 phase cell cycle arrest. DATS-induced apoptosis in the MG63 and MNNG/HOS cells was mediated by inactivation of the PI3K/Akt signaling axis and through the mitochondrial apoptotic pathway, which was ROS-dependent (Fig. 8) . Our data emphasize the key role of ROS in the apoptosis induced by DATS and indicates that a positive correlation exists between ROS and the PI3K/Akt signaling pathway as well as mitochondrial events leading to apoptosis in the MG63 and MNNG/ HOS cells. Our novel findings shed new light on the molecular mechanisms of the inhibitory effects of DATS on the growth of cancer cells, and raise the possibility of DATS as a potential anticancer and/or cancer preventive agent. 
